Introduction
Exposure to extreme environments causes many risks for human health. Hot and humid outdoor conditions with solar radiation threaten the health of people who perform outdoor activities especially those involving high work intensity. A thermal index provides a single value that is representative of how a number of factors in combination (such as air temperature, radiant temperature, humidity, and wind) affect a person. For a valid and sensitive index, the combined effects of the environment on a person vary, and the index value will vary. Many thermal indices have been developed over the years, but most are restricted to specific conditions (heat stress, thermal comfort, cold stress). There is a need to identify a thermal index that can be used to quantify the effects of outdoor conditions on people. If such an index can be identified, it could be used to interpret weather data in terms of likely effects on peoples' health and safety, comfort and productivity. It could also allow early warning of the effects of extreme weather such as heat waves and prolonged cold weather. The Wet Bulb Globe Temperature (WBGT) index was firstly developed for the assessment of hot outdoor conditions. It is a recognised index that is used world-wide (Kwon et al., 2015) . In principle it may be useful over a range of outdoor conditions and not just for hot climates. This paper presents a study to evaluate the use of the WBGT index in outdoor conditions found in the United Kingdom.
In hot environments a simple method based upon the wet bulb globe temperature (WBGT) index provides for monitoring and regulating heat stress (ISO 7243, 1989) . This index was originally developed by Yaglou and Minard (1957) to reduce heat casualties during the outdoor training of military recruits in the United States (USA). WBGT limit values were used to indicate when military recruits could train. The use of the WBGT index (instead of only air temperature) to determine safe conditions, led to a decrease in the number of heat casualties and time lost by moratoriums on training in the heat. The WBGT index was adapted by the American Conference of Governmental Industrial Hygienists (ACGIH) and is now accepted and established as international standard ISO 7243. This index is also convenient to use in industrial environments as it provides a trade-off between uncomplicated measurement of the thermal environment and the accuracy of the index (ISO 7243, 1989) . WBGT is influenced by radiation from hot and cold surfaces and the sun, air temperature, humidity and wind speed. It is expressed with the measurement of natural wet-bulb temperature (t nwb ), globe temperature (t g ) and dry bulb temperature (t a ). The wet bulb globe temperature (WBGT) is calculated from the combination of natural wet bulb temperature, globe temperature and air temperature either in the sunlight or no sunlight.
If people are exposed to a heterogeneous thermal environment, the WBGT index should be determined at three heights above the ground; at the head, the abdomen and the ankles (i.e. 0.1m, 1.1m and 1.7m for standing persons and 0.1m, 0.6m and 1.1m for seated persons). If the thermal environment is homogeneous, the WBGT index can be measured at only abdomen level. The mean value of the WBGT index for heterogeneous conditions is calculated through the following equation:
The formula applies to the evaluation of the mean effect of heat on man during a period representative of his activity. The method provided in ISO 7243 (1989) involves the measurement of the WBGT and ISO 7243 provides the WBGT reference values depending on activity levels. The value is then compared with WBGT reference values which indicate limits above which the environment may cause a risk to health.
The WBGT index can evaluate heat stress on the human body during a certain period of activity. If the WBGT reference values are exceeded, more elaborate assessment methods may be required. The reference values apply for people wearing light clothing. Several studies have pointed out the limitations of the WBGT index. To find the single value of the WBGT index, natural wet-bulb temperature, dry bulb temperature, and globe temperature are required: the composite of these varying environmental parameters may result in the same WBGT value. This is the nature of a thermal index however and the index value will indicate where different combinations would have equivalent effect. Azer and Hsu (1977) pointed out that WBGT is less sensitive at a wind speed of above 1.5m/s and that WBGT became less sensitive when air temperature and relative humidity went up. Nash (2004) noted that WBGT should consider the time period for time-weighting the average of the metabolic demands and the mean of the WBGT. Budd (2008) stated that the index underestimated heat stress in an environment with high humidity or low wind speed and sweat was evaporated inactively at those conditions. Rastogi et al. (1992) suggested that the WBGT index could not presuppose physiological strain in a severe thermal stress environment. Parsons (2006) pointed out that interpretation of the WBGT index might be influenced by estimates of metabolic rate which varies with activity, circumstance of measurement and individual differences such as gender, race and human behaviour from culture differences.
The measurements of natural wet-bulb temperature (t nwb ), globe temperature (t g ), and air temperature (t a ) are needed for the evaluation of heat stress with WBGT index. Whether the heat stress should be reduced or not can be decided by comparing the collected data with the reference values (ISO 7243, 1989 ). This comparison is relatively easy and simple, and the WBGT index may be used in four season including cold as well as hot thermal environments. However, the usability of WBGT often becomes a controversial issue. The measurement of WBGT relies on just the natural wet-bulb temperature and the globe temperature so that any error of instrument or measurements may greatly influence the interpretation of WBGT. In outdoor weather the diversity of conditions such as cloud cover and a sudden change of weather and the way of dealing with the WBGT would affect the result and the interpretation (Holmér, 2010; Kwon, 2009; Parsons, 2006) . The aim of this paper was to evaluate the WBGT index for assessing the effects of outdoor weather conditions on physiological and subjective responses of people in the U.K. A secondary aim was to consider the relationship between WBGT values measured at the level of people on the ground and weather station data gathered by a standard weather station.
Method
Four group experiments were conducted in each season over a year between September, 2007 and June, 2008 were 17.9℃, 6.5℃, 10.5℃ and 19.1℃ respectively. Mean relative humidity for the four months were 87%, 90%, 75%, and 80% respectively and mean wind speed were 2.8m/s, 3.3m/s, 6.1m/s, and 3.2m/s respectively. An experiment for autumn (September) 26 JuYoun Kwon, et al.
J Ergon Soc Korea
Journal of the Ergonomics Society of Korea was conducted on the 6 th of September, 2007 between 1pm and 2pm and an experiment for winter (December) was conducted on the 12 th of December, 2007 between 11.30am and 2pm. An experiment for spring (March) was conducted on the 11 th of March, 2008 and an experiment for summer (June) was conducted on the 10 th of June, 2008 between 1pm and 3pm. For each experiment people carried out light stepping activity positioned below a weather station. As well as weather station data gathered at 3m to 4m, WBGT values were measured at the level of the participants. Subjective and physiological responses were also recorded. The study was confirmed as acceptable by the Loughborough University Ethical Advisory Committee. All participants signed the informed consent form after being instructed in the experiment procedures as well as the aim of the experiment.
Participants
This study involved a total of 38 men aged 18 to 49 years and only eight participants took part in the experiment of December (Table 1 ). All subjects were healthy and included students and professional workers.
Measurement of weather
All parameters were recorded every 15 minutes over a year. Data was collected from October 2007 till September 2008 and the data were selected on separate four days. The site of the weather station is away from buildings and roads on Loughborough university campus, surrounded by a secure wire fence. The size of the meteorological station is 25m×20m. The air temperature and relative humidity were measured using a HMP45C TEMP&RH probe (Campbell scientific, Inc.) located at a height of three meters above the ground. The wind speed was measured using a CSAT3 three dimensional sonic anemometer (Campbell scientific, Inc.) located four meters above the ground. Solar radiation was measured using a CNR1 net radiometer (Campbell scientific, Inc.) located three meters above the ground.
Environmental measurement
Environmental conditions were recorded near subjects every minute. Air temperature and relative humidity were measured using a whirling hygrometer. Dry and wet bulb temperatures (Grant CT-U-V3-1 probe, U.K.) were measured using shielded thermistors and black globe temperature with a diameter of 0.15m which a thermistor (a grant type EU, U.K.) was at the centre of the globe was measured at the same place as the dry and wet bulb temperatures were measured in the sunlight at the three heights of 0.2m, 1.2m and 1.7m. Radiation levels were measured using a pyranometer (Kipp and Zonen CM11, Holland). Wind speed was measured using an anemometer (Brüel & Kjaer MM 0038, Denmark) and a weather station (Oregon WMR 928 NX, USA) at 1.2m above the ground. Clothing worn varied with weather conditions: three types of ensembles were selected depending on basic air The wet bulb globe temperature (WBGT) is calculated from the following equations:
Where t nwb = temperature of a natural wet bulb thermometer (℃) t g = temperature of a 150mm diameter black globe thermometer (℃) t a = air temperature (℃).
The weather station's instrumentation was mounted after the first group experiment during September was conducted.
Physiological measurement
Subjects wore aural thermistors in one side of ears that were insulated from the influence of outside conditions. Cotton wool and plastic ear plugs were used for providing good insulation. Aural temperature was measured every minute during each 60 minute exposure using thermistors connected to a data logger (Grant SQ1000, Cambridge, UK). Subjects' body weights were measured just before and after each experiment session. Each subject was weighed minimally clothed before and after the exposure using a Multi-range Digital Dynamic Scale (Mettler 1D1, Mettler Toledo, USA). The amount of sweat was found using the difference between subjects' semi-nude weights before and after the experiments. Sweat evaporated was determined by taking sweat trapped in clothing from total mass loss from the body (Parsons, 2003) . Heart rate monitor (Polar Electro, Kempele, Finland) was used for measuring heart rate every minute. Metabolic rate was estimated and was adjusted by based on individuals' body weight and 
Subjective measurement
A subjective questionnaire was answered by the subjects every ten minutes for September and December throughout during each 60 minute exposure using an ISO 11-point thermal sensation scale (ISO 10551, 2001 ) but the interval was shorter as every five minutes for Groups C and D because outdoor weather conditions were much fluctuated. Subjects gave ratings of thermal sensation (extremely cold (-5), very cold (-4), cold (-3), cool (-2), slightly cool (-1), neutral (0), slightly warm (1), warm (2), hot (3), very hot (4), and extremely hot (5)), comfort (not uncomfortable (1), slightly uncomfortable (2), uncomfortable (3), and very uncomfortable (4)), preference (much cooler (-3), cooler (-2), slightly cooler (-1), no change (0), slightly warmer (1), warmer (2), and much warmer (3)), pleasantness(very unpleasant (-3), unpleasant (-2), slightly unpleasant (-1), neither pleasant nor unpleasant (0), slightly pleasant (1), pleasant (2), and very pleasant (3)) and Borg's rate of perceived exertion (Borg's RPE).
Procedures
When participants arrived at the experiment place (the Loughborough University weather station compound), the details of the experiments were informed. Aural thermistors and polar testers were fitted. The weights of subjects' semi-nude and fully clothed bodies were measured. The participants exercised for an hour, performing a step test in time to a metronome set at a rate of 20 steps per minute on 100mm high step (ACSM, 2009; ISO 8996, 2004) . Each minute, the subjects' physiological responses and the environmental parameters were measured. A subjective response was measured every ten minutes (every five minutes for March and June). At the end of the experiment, subjects' semi-nude and clothed weights were recorded. Participants in September all started at the same time but participants in December, March and June started at different times with approximately five minutes intervals between participants. This avoided queuing and allowed measurements of body weight just before and after each 60 minute exposure.
Data analysis
One way ANOVA were used on physiological parameters to investigate differences between participants for September and December. Environmental conditions for December and March were slightly different among participants, and the analysis was not used. The difference between Borg's RPE & heart rate was found out using Mann-Whitney U test. Pearson correlation coefficients were calculated to find correlations between weather parameters, the environment and physiological responses and WBGT among all 38 participants of the four groups. Spearman rho correlations were used to investigate the relationships between subjective responses and the WBGT among all 38 participants of the four groups. Sweat evaporated was correlated with average WBGT over 60 minutes. A single value of clothing insulation was applied to an experiment in 60 minutes. The correlation between the WBGTs and environmental conditions determined from weather station data was therefore analysed using the results for December, March and June. Regression models were produced through linear regression analyses using SPSS 12.0.
Results

Environmental measurements
The environmental conditions measured at a height of 1.2m for each group experiment are shown in Table 3 . Standard deviation for September was the biggest and one for December was the smallest literally. However, the averaged value of solar radiation for December was the lowest as 123Wm -2 and the value of solar radiation for June was the largest as 876Wm -2
. Therefore, the standard deviation for December was relatively large. The range of environmental conditions was wide, and three types of ensembles were used (Table 2 ). Holmér (2010) also pointed out that weather data and WBGT have the accuracy of the relationship.
Physiological measurements
The physiological responses were various among groups. Especially, sweat production was largely diverse among groups. The mean value (SD) of sweat evaporated was 245(31.5)gm Metabolic rate (Wm -2 ) 163 (9.4) 159 (5.4) 164 (6.6) 159 (11.2) *clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person.
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Subjective measurements
The averaged values of subjective responses over 60 minutes are shown in Table 4 . The thermal sensation for September and June showed higher than 'slightly warm' but the value of December and March showed lower than 'slightly warm'. Thermal comfort was 'slightly uncomfortable' for all four groups. Participants wanted to improve the thermal environment; participants of September, March and June would like to be slightly cooler but participants of December wanted to be slightly warmer (Table 4) . Participants' pleasantness for December, March, and June felt more positive than 'neither pleasant nor unpleasant'. Kwon and Choi (2012) found that sedentary Korean women could feel comfort with 1clo when air temperature was 27℃. The current study about subjective responses, for example in September, could be more positive than current results. In addition, Kwon et al. (2015) showed that elderly farmers put on 0.66clo (including shoes, hats, and accessories) on their own initiative while they worked in the metabolic rate ranging 165Wm -2 to 185Wm -2 at WBGT of 26℃, and they tended to wear more clothing which can affect subjective responses.
The averaged value of Borg's RPE for September, December, March, and June was 10.3, 7.6, 8.8, and 8.3 respectively, and participants felt from extremely light to less than light for the stepping test. If heart rate was estimated from Borg's RPE which is multiplied by 10, there was significant difference between heart rate and Borg's RPE for all conditions except September (p<0.05). Therefore, December, March, and June was lower than heart rate measured and Borg's RPE for September was considered as the same actual heart rate.
Environmental conditions from weather station vs WBGTs
The WBGTs were measured at three levels above the ground: WBGT head , WBGT abdomen , and WBGT ankles . Environmental conditions Table 3 .
All environmental conditions from the weather station showed significant correlation with the WBGTs (Figure 3, p<0 .05). Air temperature showed the strongest correlation with the WBGTs, while solar radiation had the second highest correlation (Table 5 , Figure 3 ). Wind speed showed the lowest correlation with WBGTs. WBGT abdomen had the highest correlation with solar radiation and wind speed (Table 5 , p<0.05). However, WBGT showed a reasonably strong correlation with all four environmental parameters.
A significant relationship was found between WBGT and weather conditions. The regression function using air temperature (T a )
could be derived with 97% of variance for the estimation of WBGT (°C); WBGT = 0.349 + 1.003T a (p<0.05). WBGT could therefore be predicted by the combination of air temperature and solar radiation with 98% of variance (Table 6 ). Table 6 can be used to estimate the WBGT. The value of the WBGT can be applied to the reference value (ISO 7243, 1989) of the WBGT and the result can be interpreted.
Physiological and subjective responses vs WBGTs
The WBGTs for December showed a strong correlation with all physiological and subjective responses (Table 7) . June also had a significant relationship with human responses. WBGTs for March did not show any correlation with physiological and subjective responses except heart rate (p<0.05). The WBGTs for September had a significant relationship with only aural temperature. When considering overall data from all four groups, WBGT had reasonably significant correlation with the physiological and subjective responses. However, physiological and subjective responses had the highest correlation coefficients with the WBGT over 60 minutes at a head height. Sweat evaporated showed the highest correlation with the WBGTs and thermal sensation and thermal comfort had significant relationships with the WBGTs (Figures 4 and 5 ).
When the data of two selected groups were considered, different tendencies were observed (Table 7) . September & December, which had high air temperature and solar radiation, showed relatively strong correlation with all physiological and subjective responses. On the other hand, December & March, which were exposed to a cool environment showed less relationship with aural temperature and subjective responses than June & September. Heart rate had different relationships depending on which Heart rate ----
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Conclusion
Four group experiments were conducted outdoors on four different days during a year, and it could be expected that physiological and subjective responses would be influenced by differently combined thermal environments including clothing, various wind speeds and solar radiation from the sun.
When the overall results of the four seasons are considered, WBGT could provide a prediction of physiological responses as well as subjective responses if aural temperature, heart rate and sweat production were measured. Hence, WBGT might be appropriate to predict thermal strain on ordinary people in moderate conditions although Korean people tended to wear more clothing which can affect their physiological and subjective responses (Kwon and Choi, 2012; Kwon et al., 2015) . Further investigations considering ages and climate might be needed. Consideration should be given to include the WBGT index in warning systems for a wide range of weather conditions. However, the WBGT overestimated physiological responses of subjects. In addition, tenfold Borg's RPE was significantly different with heart rate measured for the four conditions except autumn (p<0.05). Physiological and subjective responses over 60 minutes consistently showed a similar tendency in the relationships with the WBGT head and WBGT abdomen , and it was therefore found that either WBGT head or WBGT abdomen could be measured if a measurement should be conducted at only one height. The relationship between the WBGT values and weather station data was also investigated. There was a significant relationship between WBGT values at the position of a person and weather station data. For UK daytime weather conditions ranging from an average air temperature of 6℃ to 21℃ with mean radiant temperatures of up to 57℃, the WBGT index could be used as a simple thermal index to indicate the effects of weather on people. The result of evaluation for WBGT might help to develop the smart clothing for workers in industrial sites and improve the work environment in terms of considering workers' wellness.
